This paper reviews the application of medical imaging and associated computer graphics techniques to the study of human evolutionary history, with an emphasis on basic concepts and on the advantages and limitations of each method. Following a short discussion of plain film radiography and pluridirectional tomography, the principles of computed tomography (CT) and magnetic resonance imaging (MRI) and their role in the investigation of extant and fossil morphology are considered in more detail. The second half of the paper deals with techniques of 3-dimensional visualisation based on CT and MRI and with quantitative analysis of digital images.

Within a year of the discovery of -rays in November 1895 radiography was applied to the study of both vertebrate and invertebrate fossils (Bru$ hl, 1896) . For the first time, it was possible for paleontologists to assess the internal morphology of rare and valuable specimens in a nondestructive way. Paleoanthropology almost immediately embraced radiography as an analytical tool, and radiographs appear in many of the early monographs describing hominin fossils, such as the Krapina Neanderthals (Gorjanovic- Kramberger, 1906 ) and the Mauer mandible (Schoetensack, 1908) .
More recently the development of computed tomography (CT), in combination with increasingly sophisticated computer graphics applications, has provided a range of new opportunities for the qualitative and quantitative study of fossil morphology that were not available to researchers using conventional radiography. Magnetic resonance imaging (MRI), the 20th century's second major innovation in diagnostic imaging, provides excellent visualisation of soft-tissue structures, but is not suitable for imaging
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either extant or fossil skeletal morphology. MRI can nevertheless be of great value to human evolutionary studies when used in comparative and functional analyses that relate soft tissues, such as the brain or the muscular system, to bony morphology. Moreover, it can be used to investigate the ontogeny of the skeletal system as a means of understanding the developmental basis of phylogenetic change. This paper gives an overview of imaging techniques that are particularly relevant to the study of human evolution, and provides an introduction for researchers who do not have a background in either radiology or medical physics. It thus follows in the footsteps of earlier reviews with a similar scope, such as Jungers & Minns (1979) , Tate & Cann (1982) , Ruff & Leo (1986) and Vannier & Conroy (1989) . The focus is on CT and MRI, because both modalities are technically more complex and less straightforward in practical use than conventional radiography. The emphasis is on the basic concepts and on the advantages and limitations of their use, rather than on the underlying technology or on the presentation of the results of previous imaging-based research. Expanding on this paper, Spoor et al. (2000) give a more technical description of CT and MRI and provide a practical guide for those who wish to apply these imaging techniques in morphological research.
  
In conventional, or plain-film, radiography an object is placed between an -ray source and -ray sensitive film. The image of the object thus formed represents the distribution and degree of integral attenuation of the -rays in their passage through the object. Thus, all structures in the path of the -ray beam are superimposed in the image and cannot be distinguished (Fig. 1 a) . Conventional radiographs therefore provide only limited information about complex 3-dimensional (3-D) objects. Moreover, in the case of fossils morphological information is blocked out by the presence of sedimentary matrix of a higher density (-ray opacity or attenuation) than that of the fossil itself (see examples in Wind & Zonneveld, 1985) . X-rays emerge as a diverging conical beam from the source and the radiographic projection will therefore tend to show a variable degree of distortion. This can be minimised by maximising the source-toobject distance relative to the object-to-film distance, and by using collimators which transmit only parallel -rays. Compared with medical CT and MRI, conventional radiography has the advantages of higher spatial resolution (ability to resolve small details), and ease of use and cost. In addition to the effects of distortion and the superimposition of structures its major disadvantage is its relatively low contrast resolution (ability to resolve small density differences).
Given the limitations, conventional radiography is . (a) Lateral radiograph, (b) parasagittal CT scan at the level of the right dental row and inner ear (slice thickness 1 mm). Unlike the radiograph, the CT scan has the ability to distinguish between fossil bone and the sedimentary matrix in the maxillary sinus (M), and to resolve details such as the root canals of the molars (arrowhead), and structures of the bony labyrinth (arrow). Bar, 10 mm.
most useful when applied to aspects of morphology with relatively simple shapes, such as the dentition (e.g. Skinner & Sperber, 1982 ; Dean et al. 1986 ; Wood et al. 1988 ) and postcranial bones (e.g. Ruff, 1989 ; Trinkaus & Ruff, 1989 ; Runestad et al. 1993 ; Macchiarelli et al. 1999) . Moreover, lateral radiographs have traditionally played a central role in studies of the comparative anatomy of primate cranial form (e.g. Angst, 1967 ; Swindler et al. 1973 ; Dmoch, 1975 Dmoch, , 1976 Cramer, 1977 ; Ravosa, 1988 ; Ross & Ravosa, 1993 ; Lieberman, 1998 ; Lieberman & McCarthy, 1999 ; . They illustrate phylogenetically important aspects of cranial form, such as basicranial flexion and the relationship between the neurocranium and the facial complex. An advantage, inherent to the superimposition effect in radiographs, is that a wide range of structures, for example the palate, the orbits and aspects of the midline cranial base, can be compared using a single image. A drawback, on the other hand, is that the focus on cranial morphology as projected onto a single sagittal plane tends to portray evolutionary change as a 2-D rather than a 3-D process. Some studies, however, have used radiographs with an axial projection to consider morphological change in the transverse plane (Putz, 1974 ; Dean & Wood, 1981) . Pluridirectional tomography is a special form of radiography that was invented in the 1930s in an attempt to solve the problems associated with the superimposition of morphology. In this technique both the -ray source and the film are moved in opposite directions during exposure, which results in blurring of all details except in one focal plane. Only a few studies have used this technique to investigate fossils (e.g. Fenart & Empereur-Buisson, 1970 ; Price & Molleson, 1974 ; Hotton et al. 1976 ; Wind & Zonneveld, 1985) . Tomography is also the key technique of the so-called vestibular method, in which cranial morphology in lateral projection is compared using a reference plane defined by the lateral semicircular canals of the inner ear (see Fenart & Pellerin, 1988 , for a review of this method and its applications).
  ( )
Since its development (Hounsfield, 1973) , CT has taken over from conventional radiography and pluridirectional tomography as the imaging method of choice when investigating complex skeletal morphology. In medical CT scanners an -ray source and an array of detectors rotate about the specimen and measure its attenuation within the confines of a sliceshaped volume in a great number of directions using a fan beam (Fig. 2) . By repositioning the specimen the plane in which measurements are taken can be changed. Digital cross-sectional images, which map the different degrees of attenuation in the slice (expressed as ' CT numbers '), are calculated from the measurements and are shown on a computer monitor using a grey scale with black representing the lowest density and white the highest density (see Newton & Potts, 1981 ; Swindell & Webb, 1992 , for reviews of the principles of CT). In this paper the term ' CT scan ' is used to refer to the digital data and image of one slice, but the term is sometimes also used to indicate a full CT examination or a series of images (as in ' to do a CT scan of a specimen ').
In ' spiral ' or ' helical ' CT, a variant introduced in 1989, the -ray source and detectors continuously circle the specimen while the table is simultaneously translated. Consequently, the attenuation measurements are taken in a spiral trajectory, rather than as individual slices at fixed table positions. Crosssectional images can be reconstructed at any given position by means of interpolating these spiral measurements. Spiral CT has important advantages in certain clinical applications. However, these are not relevant when scanning scientific specimens, and the interpolation process necessary to reconstruct planar images from spiral data reduces image quality (Wilting & Zonneveld, 1997 ; Wilting & Timmer, 1999) .
Using cross-sectional images produced by CT overcomes the problems caused by the superimposition of structures in conventional radiographs, and thus provides detailed anatomical information without interference from structures lying on either side of the plane of interest (compare Fig. 1 a, b) . Moreover, there is no parallax distortion because the object's density is measured in multiple directions. The spatial resolution of CT is not as good as that of conventional radiography, but it has a better contrast resolution. Its particular relevance for palaeontology is that CT can thus resolve small density differences between fossilised bone and attached rock matrix.
The best possible spatial resolution in the plane of a CT scan that can be achieved with current medical CT scanners is about 0n3-0n5 mm. It is mainly determined by the geometry of the -ray beam. However, the resolution that is actually obtained may not be as good, because CT scans, like any digital image, are composed of an array of a limited number of ' picture ' elements or pixels (Fig. 3) . If the fixed image matrix of pixels covers a large area (field of view : FOV), the pixel size is relatively large and this will limit the spatial resolution (Blumenfeld & Glover, 1981) . For example, a typical CT scan with a matrix size of 512i512 pixels and a FOV of 240i240 mm has a pixel size of 0n47 mm, and such an image will obviously not have a resolution of 0n3-0n5 mm. This can only be achieved by selecting a smaller FOV to reduce the pixel size (see Spoor et al. 2000 for more details).
Spatial resolution of medical scanners perpendicular to the scan plane is significantly poorer than in the scan plane itself because each CT slice has a thickness that well exceeds the pixel size (minimum slice thickness currently available 0n5-1n5 mm). Thus, each pixel represents a volume element or voxel (Fig. 3) , and the CT number assigned to each pixel is a measure of the average density, the attenuation coefficient, in the voxel. Density differences within a voxel cannot be visualised, a phenomenon known as ' partial volume averaging '.
Dedicated micro-CT scanners can provide images with a much higher ' in-plane ' spatial resolution and with a thinner slice thickness than medical CT scanners (see e.g. Flannery et al. 1987 ; Holdsworth et al. 1993 ; Anderson et al. 1994 ; Bonse, 1997 ; Denison et al. 1997 ; Illerhaus et al. 1997 ). Many of these scanners differ from medical ones in that it is the specimen that rotates, rather than the source\detector system. Some are like medical scanners in that crosssectional images are calculated using attenuation measurements taken from a line of detectors. Others calculate a 3-D volume of CT numbers from radiographs recorded in multiple directions using an imageintensifier and a framegrabber. Cross-sectional images in any direction can be calculated from the data volume. The drawback of the latter method is that the limited dynamic range (latitude) of most image intensifiers means that relatively small contrasts cannot be reproduced accurately in the image reconstruction. Consequently, such systems are less useful for scanning matrix-filled fossils with little contrast between the matrix and the mineralised bone. The in-plane spatial resolution and the slice thickness that can be obtained with micro-CT varies between 1 and about 200 µm, and depends on the size of the specimen. Unlike medical scanners, many of these microtomographs produce isometric voxels, i.e. the pixel size is identical to the slice thickness. Whereas the scan time per slice is in the order of seconds with a medical scanner, it is typically minutes with micro-CT.
In both medical CT and micro-CT the contrast resolution follows from the CT number scale in Hounsfield units (H) on which the attenuation coefficients, calculated for each voxel, are expressed. In medical scanners this scale has typically 4096 units defined by a value of -1000 H for air, and 0 H for water, with very dense tissue, such as dental enamel, close to the maximum value of 3095 H. For display on a computer monitor the 4096 units CT number scale is converted into a 256 units grey scale, enabling the viewer to see tissues with widely-different densities, or to focus on small and specific density differences between tissues (a so-called ' window ' technique).
CT scanning skeletal morphology
Given its properties, CT is an ideal modality to examine extant and fossil skeletal morphology, and scans have been used in numerous paleoanthropological and comparative primatological studies to assess, among others, midline cranial architecture (Maier & Nkini, 1984 ; Ross & Henneberg, 1995 ; Spoor, 1997 ; Lieberman, 1998 ; , the endocranial cavity (Zonneveld et al. 1989 ; Conroy et al. 1990) , the structure of the cranial vault (Hublin, 1989 ; Garcia, 1995 ; , the paranasal sinuses and both the middle and inner ear (Wind, 1984 ; Zonneveld & Wind, 1985 ; Zonneveld et al. 1989 ; Montgomery et al. 1994 ; Hublin et al. 1996) , the dentition (Ward et al. 1982 ; Conroy & Vannier, 1987 Conroy, 1988 ; Macho & Thackeray, 1992 ; Bromage et al. 1995 ; Conroy et al. 1995 ; Schwartz et al. 1998) , cortical bone geometry of the mandible (Demes et al. 1990 ; Daegling & Grine, 1991 ; Schwartz & Conroy, 1996) , and of long bones (Jungers & Minns, 1979 ; Tate & Cann, 1982 ; Senut, 1985 ; Ruff & Leo, 1986 ; Ruff, 1989 ; Ohman et al. 1997) . In all of these studies individual 2-D CT images are analysed, but increasingly a stack of contiguous CT scans covering all or part of a specimen is being used as the basis for 3-D imaging, an application that will be discussed below.
In most respects the protocol for CT scanning skeletal specimens is similar to that for clinical use. The most appropriate scan plane and field of view of the scans must be selected so that the relevant morphology is imaged with the best possible spatial resolution. The choice of scan plane when scanning skeletal specimens is far less restricted than in clinical practice where the possible range of planes is determined by the limitations of the living human body. Another distinction is that clinical radiologists visualising skeletal structures tend to use specific ' bone ' filters or kernels for the reconstruction of the images, which are less appropriate for basic morphological research. Such so-called edge-enhancement filters provide images which appear crisper, but the artificial enhancement of interface contrast results in inaccuracies when analysed quantitatively (Spoor, 1993) . Neutral filters, such as those used for scanning the abdomen, are therefore more useful as these give the most truthful representation of the boundaries of structures (see Spoor et al. [2000] for further details). When dealing with highly-mineralised and\or matrixfilled fossils CT scans made with regular medical scanners may show a significantly reduced image quality in the form of, for example, streaks or high noise levels. The main reasons are that the fossil's density or overall mass may be outside the normal range found in patients for which the scanner is designed. The most common scanning artefacts in CT images of fossils and possible ways to avoid them are discussed in Zonneveld & Wind (1985) , Zonneveld et al. (1989) , , and in detail in Spoor et al. (2000) .
Micro-CT has predominantly been developed for material research or to assess small tissue samples, for example to study mineral content or trabecular structure of bone (Flannery et al. 1987 ; Kuhn et al. 1990 ; Anderson et al. 1994 Anderson et al. , 1996 Mu$ ller et al. 1994 ; Davis & Wong, 1996 ; Ru$ egsegger et al. 1996) . However, it has also been used successfully to visualise the detailed morphology of extant and fossil crania (Rowe et al. 1993 (Rowe et al. , 1997 Shibata & Nagano, 1996 ; Thompson & Illerhaus, 1998 ; ). An example of a coronal micro-CT slice of an Adapis cranium is shown in Figure 4 b.
   ( )
MRI was developed in the 1970s (Lauterbur, 1973 ; Mansfield et al. 1976 ; Mansfield & Pykett, 1978) , on the basis of techniques and principles developed for chemical nuclear magnetic resonance (NMR) spectroscopy, and was later applied in diagnostic imaging as a noninvasive imaging modality (Edelstein et al. 1980) . MRI can produce cross-sectional images or volumetric datasets, using pulses of radiofrequency (RF) energy to map the relative abundance and other physical characteristics of hydrogen nuclei (protons). Before image data can be collected, the protons are aligned into a state of equilibrium by a strong, static magnetic field, their spin axes precessing with a specific frequency about the axis of the field. Using a sequence of RF pulses the spin axes are ' flipped ' out of alignment into a higher energy, more excited, state. After the pulses cease, the protons begin to relax back to their original, unexcited, state and in doing so emit energy equivalent to the difference between the 2 energy states. This energy, referred to as the MR signal, or the ' echo ', is picked up by a coil, analogous to a TV aerial. The signal intensity depends on the local proton concentration and the chemical environment of the protons. The MR signal intensities are mapped into a 2-D plane, or occasionally a 3-D block, using embedded spatial encoding information. As in CT, the signal calculated for each voxel and its associated pixel are displayed on a computer monitor, using a grey scale with black representing the lowest and white the highest intensity.
Images are usually reconstructed using information from 2 different relaxation processes, known as ' T1 ' and ' T2 '. In T1-weighted images, fat gives a more intense signal than water and thus appears brighter, whereas T2-weighted images show the reverse pattern. Since the concentration of fat and water varies between different tissues, it is relatively straightforward to differentiate tissues with sufficient protons by their echoes (Bottomley et al. 1984) . In contrast to soft tissues mineralised bone is proton deficient, produces very little echo and thus appears as a signal void in the image. Nevertheless, it is possible to see most, if not all, of the ossified architecture of the skeleton silhouetted against the signal from protonrich tissues. More detailed accounts of the principles of MRI can be found in Foster & Hutchinson (1987) , Bushong (1988 ), Young (1988 , Newhouse & Weiner (1991) and Westbrook & Kaut (1993) .
Most clinical MRI units are designed to image adult human morphology, providing in-plane spatial resolutions in the region of 0n7-1 mm, and a slice thickness of about 1-3 mm. These units are therefore not suitable for imaging smaller specimens or for the study of detailed morphology, as encountered in studies of, for example, fetal development, or smaller primate species. Such specimens are best investigated with high-resolution MRI (hrMRI) in which in-plane spatial resolutions in the region of 156-300 µm and slice thicknesses of 300-600 µm are obtained by the use of significantly stronger magnetic fields than in medical MRI (Effman & Johnson, 1988 ; Johnson et al. 1993 ; Smith et al. 1994 ; Smith, 1999) . A limitation, as with micro-CT, is that high-resolution MRI requires long imaging times (typically 24 h per specimen).
Applications of MRI in evolutionary studies
The investigation of the comparative and functional aspects of the soft-tissue structures associated with skeletal morphology provide an important foundation for the interpretation of fossil evidence. Likewise, assessing patterns of ontogenetic development of the skeletal system may provide the key to understanding mechanisms of phylogenetic change. In this light, CT and MRI should be seen as complementary techniques in evolutionary studies. Whereas CT provides excellent visualisation of hard tissues in extant and fossil specimens, MRI is the technique of choice to investigate soft-tissues and the ontogeny of the skeleton. For example, phylogenetic changes in brain development have been proposed as one of the major factors underlying cranial morphology (e.g. Ross & Ravosa, 1993 ; Ross & Henneberg, 1995 ; Spoor, 1997 and studies cited therein). MRI provides detailed visualisation of both the brain and the cartilaginous cranial base, whereas CT has difficulty distinguishing between brain tissue and the surrounding cerebrospinal fluid . Thus, clinical MRI can be used to study adult brain morphology (e.g. Falk et al. 1991 ; Semendeferi et al. 1997 ; Rilling & Insel, 1999 ; Semendeferi & Damasio, 2000) , whereas hrMR studies allow the interactions between the brain and the cranium during ontogenetic development to be assessed (Fig. 5 a ; Jeffery & Spoor, 1999) . Another example concerns the relationship between the subarcuate fossa in the petrous temporal bone and the petrosal lobule of the cerebellar paraflocculus. A lobule-bearing fossa is known as a common feature of primates other than humans and great apes (Gannon et al. 1988 ), but it has been observed that in some large cercopithecids, Mandrillus in particular, the fossa tends to be obliterated (Spoor & Leakey, 1996) . The hrMR image of a fetal Mandrillus specimen demonstrates that its subarcuate fossa is empty and covered by dura (Fig. 5 b) , a morphology similar to that seen in human and great ape fetuses (Gannon et al. 1988) .
The practical aspects of obtaining high-quality MR images of particular morphological areas in specimens with different types of preservation is considerably more complex than is the case with CT, because a larger number of scanning parameters have to be selected and fine tuned. For example, individual cases may require specially-designed RF pulse sequences in order to achieve a useful result. Detailed discussion of the manipulation of image contrast, and strategies for dealing with a range of image artefacts can be found in Spoor et al. (2000) .
- 
Using computer graphics techniques, a series of contiguous or overlapping CT or MR images can be stacked to provide a 3-D data set of the scanned object, that can be analysed and visualised in a variety of ways (see e.g. Robb, 1995, for a general overview). This technique is now commonly applied in medical practice (Ho$ hne et al. 1990 ; Hemmy et al. 1994 ; Zonneveld, 1994 ; Linney & Alusi, 1998 ; Ter Haar Romeny et al. 1998 ; Udupa & Herman, 1998) , and is being introduced into paleoanthropology (see e.g. Zollikofer et al. 1998 ; Spoor & Zonneveld, 1999 , for reviews).
Multiplanar reformatting
A 3-D data set enables multiplanar reformatting, i.e. the extraction of images in planes other than the original stack. For example, the midsagittal image of the human fetus shown in Figure 5 a is resampled from an original stack of transverse hrMR scans. The spatial resolution of reformatted images is not as good as in the original ones, unless the voxels of the image stack are isometric (i.e. the pixel size equals the slice thickness) and the new image is exactly perpendicular to the original image plane. Thus, if the best possible spatial resolution is to be achieved, in particular with a nonisometric data set, it is important to choose the most appropriate plane when making the initial scans, rather than to rely on reformatted images.
3-D visualisation by surface rendering
The second application of 3-D data sets is to obtain reconstructions of all, or selected parts, of a specimen. Even for those experienced in the interpretion of the cross-sectional shapes shown in individual CT or MR scans, 3-D reconstructions provide a much better and more realistic impression of the overall morphology. Usually the reconstructions are based on either CT or MR data sets, but in so-called multimodalitymatching different data sets are combined, for example visualising the cranium based on CT, and the brain using MRI (Gamboa-Aldeco et al. 1986 ; Zuiderveld et al. 1996 ; Ter Haar Romeny et al. 1998) .
In studies of skeletal morphology the most common technique of visualising the 3-D dataset is surface rendering, in which surfaces of selected tissues are extracted from the data volume and imaged. It involves 3 steps. The first, known as segmentation, is the isolation of the tissue, or material, to be imaged in the 3-D reconstruction. This process is performed separately in each CT or MR slice, most commonly by thresholding for the range of CT or MR numbers characterising the relevant tissue. Segmentation can be improved by manually drawing regions of interest, excluding specific parts from the 3-D reconstruction, and by using specialised ' region growing ' and ' edge detection ' software tools. In the second step the border lines of the selected tissues in each slice are interpolated to create a smooth 3-D surface description of the structure to be imaged. The last step is the illumination of this surface by means of one or more virtual light sources, to emphasise its 3-dimensionality and to bring out surface details. Examples of surface-rendered reconstructions based on regular CT scans and micro-CT scans are shown in Figures 6 and 4 c, respectively. Internal structures can be demonstrated in 3-D image reconstructions by making cut-away views in which part of the selected tissue is left out, for example in order to demonstrate the paranasal sinuses, or the endocranial cavity. Visualisation of hollow structures can be improved if they are representated as solid objects (' flood-filling ' ; Fig. 6 ). When dealing with reconstructions of soft-tissue specimens cut-away views can be shown with multiplanar-reformatted images mapped onto the cut surfaces. The 3-D effect of reconstructions can be enhanced by generating stereopairs of images, and animation sequences can simulate movement. A particularly appealing method of presenting surface-rendered 3-D reconstructions is through stereolithography which provides life-sized, or enlarged, plastic models that can be handled manually (Zonneveld, 1994 ; Zollikofer et al. 1995 Zollikofer et al. , 1998 Seidler et al. 1997) .
Developments on the computer graphics side of 3-D reconstruction have resulted in increasingly realistic images. However, improved visual representation of, for example, the surface of a cranium, does not mean that the image itself is any more accurate. The extent to which the reconstruction reflects reality primarily depends on limitations inherent to CT or MRI. The accuracy of 3-D reconstructions is limited by the spatial resolution within the scan plane and by the Fig. 7 . Graph of CT numbers representing air, plaster, bone, and matrix as indicated in bar ' A '. Bar ' B ' shows the effect of partial volume averaging on bone segmentation when thresholding for range ' C '. Pixels at the matrix-air interface have CT numbers in the range of bone, and are therefore incorrectly included in the bone segmentation. Pixels of a thin bony wall on the right are outside the selected range of bone CT numbers and are therefore excluded from the bone segmentation.
slice thickness and slice increment in the direction perpendicular to the scan plane (Vannier et al. 1985) . However, the original voxel size may not always be obvious from the final 3-D reconstruction because sophisticated interpolation algorithms lead to excellent smoothing of the steps between the stacked slices.
An important influence on the accuracy of surfacerendered reconstructions is the segmentation process. Software packages for 3-D visualisation most commonly select each structure to be shown by thresholding for a single range of CT or MR numbers characterising the relevant material. A major problem with thresholding in MR images is that different tissues may give MR signals in overlapping ranges. Consequently, surface rendering is less frequently used in MRI-based 3-D reconstruction other than for images showing the skin surface in combination with cut-away views revealing the internal morphology on the cut surfaces.
In CT-based reconstructions a major source of segmentation artefacts is partial volume averaging, the effect that different densities within a voxel are averaged and represented by a single CT number. Thus, the CT numbers of thin bony walls will tend to drop below the segmentation range set for bone because the bone density is averaged with that of surrounding air (Fig. 7) , causing artificial holes in 3-D bone reconstructions, that have been referred to as ' pseudoforamina ' (Hemmy & Tessier, 1985) . Partial volume averaging at the thin edge of bones may also result in reconstructions with sutures that appear too wide, and foramina that appear too large. In fossils the voxels on the interface between dense rock matrix and air have intermediate CT numbers which are often in the range of fossil bone, and that will thus be included in bone segmentations (Fig. 7) . The segmentation of fossil bone by thresholding is further complicated by local differences in mineralisation and matrix penetration of the bone, and by matrix that locally may have a similar density as bone. Segmentation artefacts can be reduced by manually excluding or including certain areas. To avoid the problems associated with thresholding for a preselected CT number range, so-called ' snake ' edge detection techniques have been developed that locally compare the CT numbers on either side of a gradient and select the most likely position of the tissue interface (Gourdon, 1995 ; Lobregt & Viergever, 1995 ; McInerney & Terzolpoulos, 1995) .
3-D visualisation by volume rendering
An alternative technique of representing 3-D data sets is volume rendering, in which all of the data volume contributes to the images (Levoy, 1988 ; Drebin et al. 1988 ; Toga, 1990 ; Robb, 1995) . Tissue segmentation, the crucial step in surface rendering, is therefore skipped, unless it is used to isolate the structure that is to be volume-rendered. Different CT or MR numbers in the stack of slices are assigned different colours and different degrees of opacity. Subsequently, this volume description is projected onto a plane for viewing. For example, in Figure 8 voxels representing either skin or brain tissue have been given an opacity higher than those representing other tissues.
Volume rendering and surface rendering techniques both have their strong and weak points, and the choice of technique depends on the requirements of the study (Rusinek et al. 1991 ; Udupa et al. 1991) . Volume rendering has the advantage that many aspects of the internal and external morphology of a specimen can be shown in relation to each other without the need for a laborious segmentation process and complicated cut-away views. It is especially useful where tissue segmentation is problematic or impractical, as in MRI. However, the computational cost of volume rendering is high, requiring more time than surface rendering. Moreover, the fuzzy representation of surfaces and some degree of superimposition of structures that characterise volume rendering make surface rendering the more appropriate technique to reconstruct skeletal morphology.
3-D visualisation and human evolutionary studies
Three-dimensional imaging based on CT has been applied in paleoanthropological studies and comparative primatological analyses in order to assess, among others, unerupted tooth crowns, dental root morphology, the paranasal sinuses, the inner ear, the endocranial surface, and cranial vault thickness (Zonneveld et al. 1989 ; Koppe & Schumacher, 1992 ; Zollikofer et al. 1995 Zollikofer et al. , 1998 Koppe et al. 1996 ; Seidler et al. 1997 ; Conroy et al. 1998 ; Thompson & Illerhaus, 1998 ; Ponce de Leon & Zollikofer, 1999 ; Spoor & Zonneveld, 1999 ; Rae & Koppe, 2000) . MRI-based 3-D visualisation has been applied in comparative primatological analyses of brain morphology (Semendeferi et al. 1997 ; Rilling & Insel, 1999 ; Semendeferi & Damasio, 2000) . A second category of applications is the reconstruction of fossils by complementing missing parts through mirror imaging , or by combining scaled components from more than one individual (Kalvin et al. 1995) . The bones of a crushed fossil can be ' electronically dissected ' and reassembled, and plastic deformation corrected (Braun, 1996) . In a third type of application, 3-D reconstructions are used as the basis for morphometric studies (see next section).
An important application of CT-based 3-D reconstruction in paleoanthropology is the possibility to ' electronically remove ' any matrix attached to a specimen. A practical example concerns the Australopithecus robustus SK 47 specimen from Swartkrans in southern Africa. This fossil is the only undistorted cranial base of this species currently known (Fig. 9 a) , but its endocranial morphology cannot be studied directly because the cranial cavity is filled with matrix and bone fragments of the crushed cranial vault (Fig.  9 b) . This area is of considerable interest because basicranial features play an important role in the debate over the phylogenetic relationship between species of ' robust ' australopithecines and in reports on similarities between these hominins and Homo (Dean, 1986 (Dean, , 1988 Grine, 1988 ; Walker & Leakey, 1988 ; Strait et al. 1997) . To visualise the endocranial surface of SK 47 Spoor & Zonneveld (1999) therefore prepared a surface-rendered 3-D reconstruction without the matrix infill. This proved particularly challenging because the CT numbers of many areas of the infill are within the bone range (Fig. 9 c) . Some of these areas represent actual bone fragments, some are caused by partial volume averaging at matrix-air interfaces, and at some spots the matrix is in the bone range. These areas of the infill were removed manually in each of the 50 CT images (Fig. 9 c) .
The reconstructed SK 47 basicranium is shown in superior view in Figure 9 d. The irregular hole in the left petrosal surface is a segmentation artefact. The dense otic capsule falls in the CT number range of the matrix, and the thin overlying layer of cortical bone is not shown owing to partial volume averaging. Important aspects of the basicranium that can thus be assessed on the basis of the reconstruction are the orientation of the basioccipital clivus and the petrous pyramids, and the venous sinus pattern that includes a well-developed right occipital-marginal sinus (Fig.  9 d ; see Spoor & Zonneveld, 1999 , for further discussion). Clear visualisation of the groove for the occipital-marginal sinus could only be achieved by relocating the virtual light sources so that the reconstructed surface is illuminated by oblique light. The drawback is that the hard shadows make the overall visualisation of the reconstruction less appealing (Fig. 9 d ) .
 
CT and MRI can form the basis for morphometric analyses, using either individual scans or 3-D reconstructions to obtain landmark data, linear dimensions, angles, surface areas, or volumes. The accuracy of such measurements depends on the spatial resolution, the pixel or voxel size and on the specific display settings of the image when the measurement is taken. In scans of large structures the accuracy of measurements will be determined by the pixel size of the image and not by the spatial resolution. In this situation boundaries of structures are well-defined and positioning landmarks or drawing area contours is usually no problem. In images with a pixel size sufficiently small not to be the limiting factor the accuracy depends on the spatial resolution. Taking measurements of detailed morphology in such images may be complicated by the fact that structures are unavoidably shown with blurred boundaries, owing to the limited resolution, and that the apparent size of structures changes when the display settings of the image are altered. In many cases the exact position of a boundary can nevertheless be established on the basis of the local CT or MR numbers. Discussion of this approach and of other more technical aspects of measurement accuracy and precision are considered in detail in Hildeboldt et al. (1990 , Spoor et al. (1993 ), MacFall et al. (1994 Richtsmeier et al. (1995 ), Feng et al. (1996 and Ohman et al. (1997) .
CT is also used to obtain density measurements of bone and teeth, examining absolute and relative values and their distribution (Genant & Boyd, 1977 ; Cann & Genant, 1980 ; Adams et al. 1982 ; Glu$ er et al. 1988 ; Glu$ er & Genant, 1989 ; Steenbeek et al. 1992 ; Anderson et al. 1996) . This information can be important when investigating the biomechanical pro-perties and functional morphology of skeletal structures, but caution is warranted since CT-based densitometry is marked by a range of pitfalls and technical limitations (see discussion in Cann et al. 1979 ; Newton & Potts, 1981 ; Ruff & Leo, 1986 ; Spoor et al. 2000) . Density measurements of fossils are particularly problematic because of unknown taphonomic factors. Fossils found in caves are often partially penetrated by calcite with a very high density, whereas air-exposed parts may have been decalcified.
 
In the short term, the main advances in the application of CT and MRI in morphological research will be in data processing rather than data acquisition. Driving factors include the opportunities created by the everincreasing computer power and the demand for fast and life-like 3-D rendering techniques coming from the film industry and advanced medical applications such as surgical simulation and virtual endoscopy. Three-dimensional rendering software will become quicker, easier to use and less expensive as the performance gap between Unix workstations and personal computers narrows further.
For a long time, the manipulation of CT and MR images was confined to the specialist realm of UNIXbased computer environments. This, together with the multitude of brand-specific image formats used to handle these images, made postacquisition image manipulation almost impossible without the help of a medical physicist or software engineer. With the increase in power of personal computers, and the emergence of appropriate software and universal formats, such as DICOM (Digital Imaging and Communications in Medicine), it is now possible to do both basic manipulations and more complex 3-D reconstructions on a PC or Mac. Spoor et al. (2000) describe some basic techniques and suggestions on handling images on computers.
Multimodality matching, combining CT and MRI based 3-D datasets, will become a mainstream technique, and will improve the integration of morphological information that can be extracted from soft-tissue specimens. The use of 3-D datasets as the basis for complex multivariate morphometric studies will increase (O'Higgins & Jones, 1998 ; O'Higgins, 2000) , including the possibility of morphing surfacerendered reconstructions between different taxa and developmental stages.
More widespread application of CT and MRI in comparative, developmental and evolutionary studies is starting to result in extensive scientific image archives that document, for example, hominin fossils and human fetal growth series. The Internet forms the ideal structure to provide worldwide access to such reference collections. The availability of the common DICOM image format, supported by the major medical imaging companies, will further contribute to routine exchange of datasets.
The image quality that can be obtained with medical CT has remained stable over the past decade. What has changed dramatically, however, is the speed of scanning. Faster scanners make the acquisition of 3-D sets of a large number of specimens for a given research project increasingly feasible. Whereas micro-CT used to be experimental and the machines were purpose built, there is a trend towards affordable and commercially-available scanners. Portability will have the consequence that such scanners will increasingly be taken to the specimens in a museum collection.
MRI will see further improvements in image quality through the use of stronger magnets, better coil designs and refined encoding gradients, and faster pulse sequences will shorten imaging times. The potential of MRI for studying skeletal morphology in relation to the associated soft-tissue structures has only recently been realised, and a wide range of applications remains to be explored.
In short, the development of CT and MRI, in combination with powerful computer graphics software, has provided a range of new opportunities to qualitatively and quantitatively study many aspects of human evolutionary history. Following an initial phase during which both researchers and a more general audience marvelled at the capability of these techniques to produce beautiful 2-D and 3-D images, the true scientific value of purposefully-uncovering evidence not accessible by other means has now become abundantly clear.
